Abstract. Local climate is significantly affected by changes in the oceanic heat content on a range of timescales. This variability is driven by heat fluxes from both the atmosphere and the ocean. In the Atlantic the meridional overturning circulation is the main contributor to the oceanic meridional heat transport for latitudes south of about 50 • N. The RAPID project has been successfully monitoring the Atlantic meridional overturning at 26 • N since 2004. This study demonstrates how these data can be used to estimate the variability of the basin-wide ocean heat content in the upper 800 m between 26 and 36 • N. Traditionally the atmosphere is seen to dominate the ocean heat content variability. However, previous studies have looked at smaller areas in the Gulf Stream region, finding that the ocean dominates deseasoned fluctuations of ocean heat content, while studies of the whole North Atlantic region suggest that the atmosphere may be dominant. In our study we use a box model to investigate fluctuations of the ocean heat content in the subtropical North Atlantic between 26 • and 36 • N. The box model approach is validated using 19 yr of high-resolution general circulation model (GCM) data. We find that in both the GCM-and RAPID-based data the ocean heat transport dominates the deseasoned heat content variability, while the atmosphere's impact on the ocean heat content evolution stabilizes after 6 months. We demonstrate that the utility of the RAPID data goes beyond monitoring the overturning circulation at 26 • N, and that it can be used to better understand the causes of ocean heat content variability in the North Atlantic. We illustrate this for a recent decrease in ocean heat content which was observed in the North Atlantic in 2009 and 2010. Our results suggest that most of this ocean heat content reduction can be explained by a reduction of the meridional ocean heat transport during this period.
Introduction
The meridional heat transport (MHT) in the North Atlantic is a key climate variable, and is particularly important for northwestern Europe. We observe large regional changes in ocean heat content (OHC) due to MHT variability (Domingues et al., 2008) . Moreover, as well as spatial MHT fluctuations, the MHT also varies on timescales from months to centuries and longer. Due to the MHT's importance in the climate system, much effort has gone into understanding and observing its variability and that of the meridional overturning circulation (MOC) (e.g. Bryden et al., 2005; Cunningham et al., 2007) . Motivated by this, the RAPID mooring array has been delivering continuous observations of the Atlantic MOC at 26 • N since 2004 Rayner et al., 2011; McCarthy et al., 2012) , and in this paper we demonstrate its utility towards estimating OHC variability through its close association with the MHT.
The ocean plays a major role in the northward transport of heat, and is particularly interesting because of its capacity to store heat. Together, the atmosphere and ocean act to redistribute the solar heating away from the Equator (Kump et al., 1999; Bryden and Imawaki, 2001; Jayne and Marotzke, 2001) . Locally, the rate of heat content change in a body of water is determined as the balance of the energy flux through its boundaries. Thus, if the boundary fluxes are known, the heat content can be determined.
The partitioning of the transport between the ocean and atmosphere has been widely discussed in the literature by, for example, Bryden and Imawaki (2001) , and more recently by Fasullo and Trenberth (2008) . They highlight that the partitioning of the heat transport and its effect on OHC is complex and varies with latitude. In the Northern Hemisphere, estimates by Trenberth and Caron (2001) suggest that the ocean dominates the MHT between 0 • and 17 • N, and towards higher latitudes the dry atmospheric transport carries an increasing fraction of the heat. However, the latent heat transport also transports an increasing fraction, and can be interpreted as a joint effort of the ocean and atmosphere. The area around 30 • N is a very interesting region, as the ocean, atmosphere and latent heat transports contribute approximately equally to the overall MHT, and maximal poleward heat transport occurs at 35 • N (Bryden and Imawaki, 2001; Trenberth and Caron, 2001; Fasullo and Trenberth, 2008) . In this study, we focus on a basin-wide North Atlantic region between 26 • and 36 • N to capture these effects.
The complex partitioning between the atmosphere and ocean makes it difficult to determine the mechanisms behind OHC variability. Bjerknes (1964) examined North Atlantic sea surface temperature (SST) and sea level pressure (SLP) fields, leading him to the conclusion that the deseasoned SST variability was forced by the air-sea interactions. Gill and Niiler (1973) provided further evidence that the advection and mixing terms were small in the large-scale surface ocean heat budget, implying that the circulation in the North Atlantic is less important than local changes in heat storage and surface heat fluxes. Similarly, using monthly surface marine forcing, Cayan (1992) concluded that the large-scale atmospheric circulation controls the SST through changes in the air-sea heat flux. Seager et al. (2000) reached the same conclusion using model and reanalysis data, but suggest that the atmosphere operates on timescales which are too short to account for the low-frequency variability fully. In contrast, studies using general circulation models (GCMs) by Grötzner et al. (1998) as well as by Deser and Blackmon (1993) and Kushnir (1994) using surface observations suggest that the decadal mode is inherently a coupling between the ocean and the atmosphere expressed through unstable air-sea interactions. More recently, Dong and Sutton (2005) suggest that the Atlantic thermohaline circulation is forced by the atmosphere, but that the timescale is set by the ocean. A modelling study by Grist et al. (2010) complements this, finding that the surface heat flux only plays a small role in the deseasoned OHC variability away from the tropics. Dong et al. (2007) investigate the relation between the surface flux and OHC in a region of the western boundary within the subtropical North Atlantic between 1992 and 1999. Using temperature profiles from the Global Temperature Salinity Profile Program (GTSPP) and an inverse modelling technique, they show that deseasoned changes in OHC cannot be explained by looking only at the surface flux. This is consistent with the complementary studies by Dong and Kelly (2004) and Vivier et al. (2002) with similar conclusions, dealing with the Gulf Stream and Kuroshio regions, respectively. Dong and Kelly (2004) present a thermodynamic model of the western boundary current region, between 30-45 • N and 40-75 • W, looking at the surface 400 m from 1992 to 1999, forcing their model with observed temperatures, estimates of geostrophic velocities from altimeter data and using NCEP/NCAR reanalysis data for surface heat flux and wind stress estimates. They conclude that the surface flux dominates the seasonal to deseasoned variability, but that the deseasoned upper-ocean heat content variability is dominated by advection-diffusion terms. Overall, our ability to assess the North Atlantic is improving through increasingly available observational data from the ocean and atmosphere, as well as improvements in ocean and atmosphere general circulation models. This work suggests that the North Atlantic OHC variability is dominated by the ocean on decadal timescales, while surface fluxes become increasingly important on shorter timescales.
A comparison of studies of OHC variability is difficult due to dependence on the location and timescales considered. Using observational data from the Argo float project, Hadfield et al. (2007) and Hadfield (2007) demonstrate that a heat budget analysis is possible, particularly in the subtropical North Atlantic. However, Hadfield (2007) suggests that the sampling resolution in space and time achieved by the floats may still underestimate heating from divergence. Studies by Dong and Kelly (2004) and Dong et al. (2007) rely on satellite altimetry to estimate geostrophic velocity, which is a valid approach in regions where large gradients in the sea surface height (SSH) occur, and avoids the problems highlighted by Hadfield et al. (2007) and Hadfield (2007) . However, Hirschi et al. (2009) and Kanzow et al. (2009) demonstrate that accurate transport estimates cannot be obtained for basin-wide sections due to the decreased correlation between the SSH and the meridional transport close to continental margins.
In the present study we investigate the OHC variability in a basin-wide (i.e. margin to margin) region in the subtropical North Atlantic between 26 • and 36 • N. Particular emphasis is placed on illustrating the potential of the RAPID data at 26 • N for understanding the causes of OHC variability. The paper is structured as follows: our methodology and the data used are presented in Sect. 2; a validation of the methodology and the results are presented in Sect. 3; and these are discussed and the paper concluded in Sect. 4.
Data and methods
A box model approach is used to study the OHC variability in the upper 800 m of a basin-wide section of the subtropical North Atlantic (26-36 • N). We use two formulations of our box model. In the first advective formulation (hereafter referred to as the "AV box model"; see Sect. 2.2), we consider the advection of heat by the volume transport in the upper 800 m. In the second flux formulation (hereafter referred to as the "FV box model"; see Sect. 2.3), the OHC variability is estimated using the full depth MHT. The following sections describe the OCCAM data and RAPID-based observations used to force the box models, as well as the AV and FV formulations of the box model.
GCM and observational data
We use a 19 yr time series from the eddy-resolving 1/12 • OCCAM, a primitive equation, level-coordinate, global oceanic general circulation model (OGCM). OCCAM has high vertical resolution, with 66 levels, 14 of which are in the top 100 m. The surface forcing for OCCAM consists of 6-hourly fields based on a blend of National Center for Atmospheric Research (NCAR) reanalysis and satellite data (Coward and de Cuevas, 2005; Marsh et al., 2009) . The data from OCCAM are available from January 1988 to December 2006 with a temporal resolution of 5 days.
The RAPID-based observational ocean MHT data used in this study are from the RAPID-MOCHA project. Since April 2004, the RAPID-MOCHA observing system has been monitoring the Atlantic MOC at 26 • N. The MOC is obtained by combining observations of the Florida Straits and Ekman transports, with a density-driven recirculation (Hirschi et al., 2003; Cunningham et al., 2007; Kanzow et al., 2007; Johns et al., 2011; McCarthy et al., 2012) . Data from the RAPID-MOCHA observing system are available from 3 April 2004 to 1 January 2011 with a temporal resolution of 12 h. However, 5-day averages are used for consistency with the OC-CAM data throughout our calculations.
The RAPID array was designed to monitor the MOC, but it can also be used to estimate the MHT. Johns et al. (2011) describe how the MHT is derived combining temperature transports from the Gulf Stream in the Florida Straits, the Ekman layer, the western boundary region offshore of the Bahamas and the interior ocean. This work revealed a correlation of 0.94 between the MOC and MHT, yielding the following relation (in PW, where 1PW = 10 15 W):
A strong relationship between MOC and MHT is also found in OCCAM where the correlation is 0.994. For the period covered by the RAPID observations, we will also make use of observation-based OHC estimates calculated directly from Argo float data and from EN3 (Ingleby et al., 2007) . EN3 was produced in the framework of the EU projects ENSEMBLES and ENACT and combine Argo data with other hydrographic data available during that period. 
Advective version (AV) of the box model
Here To calculate the exchange through the bottom interface (F B , used in Eq. 3), we use the relationship between the volume components (V 26 • N and V 36 • N ) entering and leaving the sides of the section, and thus determine the direction and magnitude of the heat flux to the lower layer F B according to
where T interface is the average temperature at the 800 m interface retrieved from the OCCAM model. Thus, for a net inflow of water into the box, there is a flux of heat to the deep and vice versa. The air-sea flux field was retrieved from OC-CAM for the area of F AS . We focus on the variability and do not discuss trends in either the model or RAPID-based data. Thus, the work presented is based on detrended fluxes where the linear trend is removed, but we retain the temporal mean. Furthermore, for the first time step, the OHC is calculated with a set of initial values retrieved from the OCCAM model. For subsequent time steps, the temperature (T ) of the ocean box is calculated using the volume of the ocean box (V , kept fixed at 5.4 × 10 15 m 3 as in the OCCAM model), the average density (ρ = 1025 kg m −3 ) and the specific heat capacity (c p = 3850 J kg −1 K −1 ):
Flux version (FV) of the box model
For the FV box model, we use the RAPID-based data from 26 • N. As only the full depth-integrated transport is available from RAPID, the FV of the box model reflects this by assuming that any net transport acts to increase the OHC in the surface box. Thus, we assume F B = 0 as opposed to depth exchanges being possible through an F B term. The oceanic heat content (OHC) is again calculated using an Euler forward scheme with a 5-day time step:
The air-sea flux (F AS ) is identical to that used in AV up to 2006, and a seasonally varying climatology is used thereafter. (Fig. 3 , blue curve). Thus, to determine a more robust relationship between 26 • and 36 • N, we use a low-frequency filter (cut-off 3.7 cycles yr −1 ) and obtain an increased correlation (Fig. 3 , red curve). We obtain the following linear regression:
, (9) where 1 
Deseasoned and seasonally varying climatological MHT
We used the AV and FV box models together with their respective RAPID-based and OCCAM model-derived forcing to determine the OHC variability in the 800 m surface box.
To investigate the seasonal component of the heat transport, the seasonally varying climatological year was constructed using the arithmetic mean of matching 5-day segments as in Atkinson et al. (2010) . This gives an estimate of the purely seasonal variability. Removing this from the full forcing, we obtain an estimate of the deseasoned component which consists of the interannual variability and of the non-seasonal subannual variability:
Error estimates
We used the OCCAM model to validate our AV and FV box models, by retrieving the OHC for the equivalent box in the OCCAM model. To assess the errors resulting from the assumptions underlying the AV and FV box models, we compare the box model results to the full and deseasoned OC-CAM model OHC variability. For a fair assessment of the FV box model, we use the full depth MHT from 26 • N, retrieved from the OCCAM model, for the F * 26 • N term, and infer F * 36 • N . Thus we can assess the impact of the missing F B term, and of the assumptions made for F * 36 • N . We assess the error using the standard deviation (StD) of the difference from the OCCAM model OHC time series. For example for the AV OHC time series,
Since we are interested in the OHC variability, the time mean is removed from the OHC time series. As a consequence taking the StD is equivalent to the root mean square error (RMSE). To separate the high-and low-frequency transport, a low-pass filter was used. Here the cut-off frequency of 3.7 cycles/year was used, as a marked decrease in the variance of both 
Results
As a first step, we present the full fluxes used to force the model. We then validate the advective and flux versions of the box model (AV and FV, respectively). This is followed by a series of experiments where the box model is subjected to different forcing scenarios. Figure 2 illustrates the heat fluxes used to force the AV and FV box models. Table 1 shows the StD, minimum and maximum of the heat transport. In both the AV and the FV case, the F AS air-sea flux dominates the statistics with an StD of 0.71 PW. The Figure 2 illustrates the values reported in Table 1 . Here we can see the large amplitude of F AS , which is dominated by the seasonally varying climatology. The F 26 • N and F 36 • N AV forcing terms are smaller in amplitude, and are less dominated by the seasonally varying climatology. Maximum transport occurs between late July and November, while minimum transports occur between midFebruary and mid-March. At 36 • N, maximum transport • N FV forcing terms, the seasonally varying climatology has a larger amplitude, but the short duration and the highly variable nature of the RAPID-based forcing means that the seasonally varying climatology is not as good at capturing the true seasonal signal. The maximum heat transport is found in June-November, and the minimum is found in January-March, as also reported by Johns et al. (2011) and Atkinson et al. (2010) . These maximum and minimum transports are similar both at 26 • and 36 • N, differing by 2.5 months, as expected from our use of the regression model.
Box model forcing
In both the AV and FV forcing, the amplitude of the seasonally varying climatology at 36 • N is smaller than at 26 • N, as demonstrated in Table 1 , suggesting that the seasonality becomes less pronounced further away from the Equator in agreement with studies such as Jayne and Marotzke (2001) and Fasullo and Trenberth (2008) .
Validating the box model
To validate the AV and FV box model formulations, we compare our OHC estimates to the OCCAM model OHC for the equivalent 800 m deep subtropical North Atlantic Ocean box, illustrated in Figs. 4 and 5. For convenience, we convert the OHC into temperature according to Eq. (7), and in the remainder of the paper OHC anomalies will be quantified in terms of temperature anomalies.
The AV box model in Fig. 4 models, we do not include diffusion or an eddy correlation term as described in Huerta-Casas and Webb (2012) . Figure 4 shows that the full AV and FV box models largely reproduce the OHC variability retrieved from the OCCAM model. We estimate the error according to Eq. (11). For the AV box model, the error is 0.057 • C, while the FV box model has an error of 0.065 • C. Both these errors are small compared to the StD of the full OCCAM model with an StD of 0.16 • C. Figure 4 illustrates that the amplitude of the seasonally varying climatology is well captured in both the AV and FV box models. The AV box model is overall closer to the full OCCAM model, but tends to exaggerate the winter cooling by approximately 0.01 • C. Overall, the FV box model also reproduces the OHC variability from the OC-CAM model, but we observe deviations of up to 0.1 • C.
To illustrate the deviations of the AV and FV box models from the OCCAM model further, Fig. 5 shows the deseasoned component of the OHC variability. Here we remove the seasonally varying climatology from the forcing data, further illustrating that both the AV and the FV box models capture the OCCAM model variability well. 99 % level). For the FV box model the agreement with OC-CAM is less pronounced. The error is 0.048 • C and the correlation drops to 0.57 (110 degrees of freedom, significant at the 99 % level). The decrease in correlation can largely be explained by a decrease in the agreement between the FV box model and OCCAM for high (i.e. subannual) frequencies. When filtering the time series for OCCAM and the FV and AV box models (second-order Butterworth low-pass filter, cut-off at 0.9 cycles/year), the correlation is ≈ 0.7 for both the AV and the FV box model formulations (not shown). Figure 5 illustrates that the FV box model overestimates the increase in OHC from 1988 to the early 1990s, towards the mid-to late 1990s it tends to underestimate, and it overestimates from 2005 onwards. Overall, Fig. 5 confirms that both the AV and FV box models capture the OHC variability in the OCCAM model reasonably well. This agreement suggests that both the AV and FV box models can be used to gain insight into the oceanic and air-sea contributions of OHC variability. Figure 6 illustrates the effect of the added assumptions from inferring the F * 36 • N transport. This is demonstrated using the full depth data from the OCCAM model directly for F * 26 • N and F * 36 • N . Figure 6a illustrates the full signal. We calculate the error as described in Sect. 2.5. Thus, by inferring F * 36 • N from F * 26 • N (equivalent to the situation we later have when using the full depth RAPID-based data), we have an error of 0.065 • C for the full signal, with a correlation with the OCCAM OHC of 0.94 (19 degrees of freedom), significant at the 99 % level. This is an improvement over the case where F * 36 • N = 0 with an error of 0.070 • C for the full signal, with a correlation with the OCCAM OHC of 0.92 (20 degrees of freedom), significant at the 99 % level. However, the regression model used to infer the F * 36 • N transport was made using only the low-frequency transports from F 26 • N and F 36 • N . For the FV box model forcing presented in Fig. 2 from OCCAM. We also note that we find a similar correlation (0.57, 108 degrees of freedom, significant at the 99 % level) between the deseasoned time series from the FV box model with inferred F * 36 • N and OCCAM. As before, the correlation increased to about 0.7 when a second-order Butterworth filter (cut-off at 0.9 cycles/year) was applied to the time series (independently of whether we retrieve F * 36 • N from OCCAM or whether we infer this transport). Figure 7a illustrates the results of the AV box model forced with F 26 • N and F 36 • N derived from the OCCAM model. The seasonality in the MHT contributes very little to the overall seasonal OHC signal, and remains close to zero. The overall seasonally varying climatology of the OHC corresponds to a mean seasonal temperature range of ≈ 0.42 • C, which is mainly due to the air-sea fluxes. The ocean therefore contributes little to the seasonal OHC variability. The deseasoned signal can be seen again to have three broad OHC maxima as well as the sharp 1999 peak. These broad maxima are seen to correspond to a broad peak in the spectral domain representing a signal with a period of 5-7 yr. Figure 7a reveals that this variability is accounted for by the deseasoned oceanic signal, which can be also seen to have three broad peaks. Overall, most of the variability in the deseasoned signal is accounted for by the oceanic MHT. The deseasoned atmospheric variability can be seen to affect the amplitude of the signal, but overall the oceanic heat transport dominates.
Partitioning OHC variability
The same pattern is also found in the FV box model, forced with the RAPID-based MHT values for F * 26 • N and inferring F?36?N (Figure 7b ). The amplitude of the seasonally varying climatology of ≈ 0.45 • C is dominated by the atmosphere, but is amplified slightly by the ocean, whose contribution is larger than in the AV box model. As before, the deseasoned signal is dominated by the ocean. The effect of the atmosphere can only be assessed to the end of 2006, since the air-sea fluxes from the OCCAM model are not available beyond 2006. However, the available timeline suggests that the deseasoned variability of the atmosphere has a smaller effect in the FV box model, changing the amplitude of the overall deseasoned signal only sightly. The deseasoned variability is higher before 2007, with two pronounced peaks that resemble a seasonal cycle. This disappears after 2007, and the signal stabilizes until mid-2009 where the signal drops from ≈ 0.1 to −0.2 • C. This dip is caused by the deseasoned oceanic signal since the atmospheric forcing does not contain any interannual variability from 2007 onwards.
Key OHC statistics is displayed in Fig. 8 . These visualize the timescales over which the oceanic and atmospheric components of OHC tendency act, as well as their respective magnitude and variability. A sliding window technique is used to collect the maximum amplitude of temperature change within windows of a prescribed length. Sliding the window along the time series allows us to collect the median, first and third quartiles of peak-to-peak temperature variability. Shown are the median (solid coloured line) as well as the first and third quartiles (lower and upper bound of the coloured area, respectively) for the absolute magnitude (| T|) of OHC change for time windows ranging from 5 days up to 4 yr. Figure 8 demonstrates the gradual nature of the change in dominance on OHC variability between the seasonal atmospheric and deseasoned oceanic signals, as well as the likelihood of this occurring. Figure 8a illustrates that in the AV box model, the seasonally varying climatological atmospheric component changes the OHC by 0.42 • C over 6 months. In contrast, the shows the FV box model using the RAPID-based data. Note the OHC variability attributable to the seasonally varying climatology (referred to as "climatological") stabilizes within a year, while the importance of the deseasoned components increase with time/window size. Further, the figure highlights the partitioning between the components, illustrating the magnitude of the deseasoned component, and the timescales over which this has an impact.
seasonally varying climatological component of ocean heat transport only changes the temperature by 0.02 • C. However, over 4 yr the deseasoned oceanic component can contribute 0.3 • C, while the spread of the deseasoned atmospheric component contributes only 0.1 • C. The spread of the deseasoned oceanic component is at times more than 0.1 • C while the spread of the seasonally varying climatological atmosphere is around 0.05 • C. Further, the overall OHC variability follows the seasonal atmosphere closely up to 6 months. After this, the OHC change due to the deseasoned oceanic component steadily increases as the window length is increased. This confirms the dominance of the deseasoned oceanic variability on timescales exceeding 6 months, compared to the much smaller influence of deseasoned atmospheric variability. Figure 8b shows a similar pattern for the FV box model. The overall OHC variability does not follow the seasonal atmosphere as closely, but a clear levelling after 6 months is observed. The same partitioning between the ocean and atmosphere is seen in the full and deseasoned OHC time series, but the seasonally varying climatological ocean has a larger influence than the deseasoned atmosphere. The spread of the deseasoned oceanic signal is also larger, which is reflected in the overall OHC variability. However, overall we see that in both the AV and the FV box models, the atmosphere contributes little to OHC variability on timescales beyond 6 months, while the oceanic influence contributes progressively at all considered timescales.
In a next step, we use the FV box model to interpret the recent OHC variability between 26 • and 36 • N as observed by Argo floats and in the EN3 data set (Ingleby et al., 2007) . Figure 9a illustrates that the OHC evolution after mid-2007 is of particular interest. In EN3, Argo and the FV box model there is a period of reduced OHC variability from 2007 to 2008, followed by a pronounced decrease of OHC from 2009 to 2010. There are differences in the precise timing of the OHC reduction during this phase, but we see that in all three cases the temperature in the subtropical ocean box reduces by over 0.2 • C. The results from our FV box model strongly suggest that this decrease can largely be explained by a reduction in the MHT at 26 • N, which coincided with the pronounced MOC minimum described in McCarthy et al. (2012) . Using our error estimates for the FV box model as demonstrated in Figs. 4 and 5, we note that this decrease is unlikely to be due to FV box model errors. We further note that the difference in timing of the 2009 to 2010 event is approximately 3 months, similar to the lag observed between 26 • and 36 • N in the OC-CAM model. Thus, the earlier timing in our FV box model could be the result of using the average lag between 26 • and 36 • N, while the true ocean signal took longer to propagate to 36 • N. An atmospheric "buffer" could also have been active in Argo and EN3: the atmosphere could have absorbed a fraction of the anomalous OHC, damping the OHC response. However, this would be less likely to have caused the observed OHC decrease if this were indeed associated with the MOC minimum as described in McCarthy et al. (2012) . Furthermore, the lack of the F B term could also contribute to the difference in timing through exchanges with the deep ocean. However, we note that the magnitude of our event is comparable to that in the Argo product, and thus unlikely to be due to the missing F B .
Prior to 2007 we see a larger implied uncertainty in Fig. 9 , where Argo and EN3 disagree with each other as much as with our FV box model. Differences between Argo and EN3 could be due to the observational data used in these products. The EN3 OHC uses uncalibrated Argo data as well as hydrographic observations, while only the delayed mode, quality controlled, Argo product is used for the Argo OHC product. Error estimates for Argo and EN3 are still in development due to uncertainties in the temporal and spatial correlation length scales (S. Good, personal communication, 2013) . However, the discrepancy between Argo and EN3 could be due to the changes in data coverage. Between 2004 and 2011 the number of floats has increased, improving the accuracy of their OHC estimates. In Fig. 9b we show the average number of floats used in the estimation of the Argo product in Fig. 9a . The Argo product is estimated for 2.5 • × 2.5 • grid cells, where the recorded temperature is a distance and data density weighted average for each box, where the radius used is 1500 km with a decorrelation length scale of 500 km. Figure 9b illustrates that a dramatic increase in the data coverage took place in 2007, with the Argo float fleet reaching its full global capacity of 3000 floats in November 2007. This coincides with the time where our FV box model, Argo and EN3 come to a reasonable agreement. However, the Argo floats are constrained largely to waters where the shelf is deeper than 2000 m, which could lead to errors in regions where large parts of the signal are on the shallower shelf, such as the transport through the Florida Straits.
Discussion and conclusion
In this study we demonstrate how RAPID-based data can be used to estimate the OHC variability in the subtropical North Atlantic using a box model budget analysis. For the area between 26 and 36 • N, we construct advective and flux versions of the box model (AV and FV), respectively forced by the divergence of heat advection in the upper 800 m, and the divergence of the top-to-bottom meridional heat flux. We test the assumptions underpinning our box model approach using data from the high-resolution OCCAM model. Both versions of the box model simulate seasonal cycles of slightly higher amplitude than OCCAM (see Fig. 4 ). Larger seasonal signals in both the AV and FV box models indicate shortcomings in the box model simplifications (see further discussion below) and/or missing terms in the forcing. However, we find good correlations between the OCCAM model and our AV and FV box models. This confirms that our AV and FV box model approaches are valid for studying cases where linear trends are removed, but retaining the temporal mean. We evaluate the FV box model alongside OHC estimates based on Argo and EN3 data. Figure 9 illustrates that the OHC evolution is broadly similar in all three cases, especially after 2007, when the Argo fleet reached its full data coverage. After 2007 Argo, EN3 and our FV box model are in reasonable agreement, where a plateau through to 2009 is followed by a 0.2 • C dip in 2010 and a recovery thereafter. Our results strongly suggest that the reduction in OHC seen in 2009 and 2010 can largely be explained by a reduction in the MOC (and therefore MHT) during that period.
Caveats in the AV and FV box model include neglecting horizontal and vertical mixing. Furthermore, the 5-day averaging of output variables in the OCCAM model leads to inexact heat budget closure (Huerta-Casas and Webb, 2012) . The averaging leads to underestimating the eddy correlation and any variable varying significantly within the 5-day window. However, the smaller OCCAM model seasonally varying climatology suggests a seasonality in the "missing" flux, which would be surprising in the presumably more chaotic sum of eddy correlations. A full investigation of this would require the instantaneous model fields and not just the 5-day averages. However, the differences between the AV and FV box models can possibly be attributed to the additional assumptions underlying the FV box model. The neglect of vertical heat exchange F B increases the seasonal cycle, and the fit of the FV box model's deseasoned OHC does not follow the OCCAM model as closely. Furthermore, the F B term assumes that any volume imbalance is immediately compensated by the deeper layer, using the average interface temperature. However, this process is not likely to be homogeneous across the bottom of our box. Thus, with volume imbalance from a flux of warmer (colder) water at the southern (northern) boundary, the F B term is likely to be too small (large), due to our use of the average interface temperature. As we use detrended fluxes, differences in the trends in the forcing data could lead to deviations from the OCCAM model. Josey (2001) , Vivier et al. (2002) , Dong and Kelly (2004) and Wells et al. (2009) suggest that using NCEP/NCAR forcing could overestimate the heat loss to the atmosphere through the latent and sensible heat flux terms. The OCCAM model was forced using NCEP/NCAR surface forcing, and the F AS used in both the AV and FV box model derived from the OCCAM model could be affected, meaning that our results could overestimate the atmospheric contribution. Using the OCCAM model-derived F AS for both FV and AV allows us to keep the models as comparable as possible. Furthermore, a surface damping effect could also be introduced through the use of a reanalysis product to force the OCCAM model. The reanalysis data used to force the OCCAM model (Large et al., 1997; Marsh et al., 2009 ) use an atmospheric model guided by available data and surface ocean fields. Thus, due to the one-way communication across the oceanatmosphere interface, feedbacks and possible amplifications will be damped. Spatial and temporal smoothing could also potentially lead to damping of the atmospheric signal. These caveats affect our AV and FV box models, as well as the OC-CAM model. Furthermore, this could also be a source of error when comparing our FV box model data to the Argo and EN3 products.
Furthermore, the assumptions we make to infer F * 36 • N are a source of error in the AV box model. The chosen method minimizes the error, as estimated using the OCCAM OHC. However, since we do not have observational estimates at 36 • N, the underlying assumptions of meridional coherence are key to the success of the inference, and we find that the different estimates assessed here have only a minor impact on the FV-OCCAM agreement. The wider applicability of our FV box model method using the RAPID-based data is likely constrained by the meridional coherence of the MOC. We chose a northern boundary of 36 • N based on work by Bingham et al. (2007) and Grist et al. (2009) , who illustrate that the character change of the circulation around 40 • N would prevent use, further north, of the regression model to infer transport anomalies from those at 26 • N. It would be necessary to base the regression model on lower frequency variability, in accordance with the reduced meridional coherence north of 40 • N. However, results from Bingham et al. (2007) and Grist et al. (2009) indicate there could be potential for extending the model southwards to 10 • N.
Despite the sources of errors discussed above, the models (OCCAM model, AV, FV) can reflect documented events. The FV box model shows a pronounced temperature dip in 2010. McCarthy et al. (2012) show that a significant fraction of the pronounced MOC reduction in 2009/2010 is due to a change in geostrophic transports, with associated cooling north of 25 • N. The high correlation between MOC and MHT means that the geostrophic part of the MHT is likely to be a major contributor to the OHC reduction in 2009/2010. Our FV box model could underestimate the effect of a lag between 26 and 36 • N, or a possible atmospheric "buffering", causing the 2009/2010 event to happen approximately 3 months before it is seen in the Argo data.
Overall, our results are in good agreement with previous similar studies such as Dong and Kelly (2004) , Dong et al. (2007) , Grist et al. (2010) and Wells et al. (2009) . Our study also suggests that the results found in the more regional studies of Dong and Kelly (2004) and Dong et al. (2007) hold for a basin-wide section, and an extended time series. Investigating the Atlantic Ocean, Grist et al. (2010) found that the deseasoned signal in OHC variability is largely oceandominated in the subtropics and subpolar regions. Like Grist et al. (2010) we find similar results using modelled and observational OHC in the subtropical North Atlantic. However, this study used data from the eddy-resolving 1/12 • GCM, whereas Grist et al. (2010) used an eddy-permitting 1/4 • GCM. Further, we affirm the conclusions using observational Argo and EN3 data.
In conclusion, this study has examined the roles of the ocean and atmosphere in causing seasonal and deseasoned OHC variability in the subtropical North Atlantic. Here the effect of the non-seasonal ocean is of particular interest. This is because its large deseasoned variability makes it less predictable than the seasonal air-sea flux. We have demonstrated the utility of the RAPID-based data in studies of the OHC variability of the subtropical North Atlantic, confirming that the ocean dominates on deseasoned timescales gaining importance on longer timescales, while the influence of the atmospheric variability (on longer timescales) makes very little contribution to OHC variability at timescales less than 6 months. We can confirm the results of studies such as Dong and Kelly (2004) for a basin-wide section using both our FV and AV box models, but the success of the AV box model is tied to the strength of the meridional coherence of the MOC, and thus our method is limited to the latitudinal bounds south of 40 • N as indicated by Bingham et al. (2007) and . Our study supports ongoing work with studies including the RAPID-based data to enhance the interpretation of OHC from Argo observations. The utility of the RAPIDbased data suggests that its inclusion can further our understanding of the underlying mechanisms driving OHC variability.
